the strictly required condition is T RR = T LR >> T RL = T LL or T RL = T LL >> T RR = T LR . Furthermore, 3D chiral nanostructures with arbitrary rotational angles are difficult to fabricate, while planar chiral nanostructures are not truly chiral and hence suffer from weak chiroptical responses. [27, 28] Optical chiral imaging, as an important tool in chemical and biological analysis, has recently undergone a revolution with the development of chiral metamaterials and metasurfaces. However, the existing chiral imaging approaches based on metamaterials or metasurfaces can only display binary images with 1 bit pixel depth having either black or white pixels. Here, the unique chiral grayscale imaging based on plasmonic metasurfaces of stepped V-shaped nanoapertures is reported with both high circular dichroism and large polarization linearity in transmission. By interlacing two subarrays of chiral nanoaperture enantiomers into one metasurface, two specific linear polarization profiles are independently generated in transmission under different incident handedness, which can then be converted into two distinct intensity profiles for demonstrating spin-controlled grayscale images with 8 bit pixel depth. The proposed chiral grayscale imaging approach with subwavelength spatial resolution and high data density provides a versatile platform for many future applications in image encryption and decryption, dynamic display, advanced chiroptical sensing, and optical information processing.
Introduction
Optical imaging, as a key research area in photonic science and technology, covers a broad range from human eyes, to digital cameras, microscopes, and even to astronomical telescopes. [1] In the past decades, benefiting from the modern nanofabrication techniques, optical metamaterials and metasurfaces have been extensively utilized to fulfill the increasing requirements of miniaturization and integration for optical imaging devices. [2] [3] [4] [5] [6] [7] [8] [9] Compared to the traditional imaging techniques, metamaterials and metasurfaces can overcome the diffraction limit and generate optical images with higher spatial resolution, and improved data density, device compactness, and image stability. Recently, chiral imaging approaches based on chiral metamaterials and metasurfaces have drawn special attention for the potential applications in chemical and biological analysis, [10] [11] [12] [13] [14] [15] [16] [17] because the majority of biologically important chemical specials
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In this work, we propose plasmonic stepped V-shaped nanoapertures as a new type of chiral nanostructures with both high circular dichroism and large polarization linearity to construct metasurfaces for demonstrating chiral grayscale subwavelength imaging. Transformed from the V-shaped nano aperture with uniform depth, the stepped V-shaped nano aperture with arbitrary orientation angle having truly 3D chirality can be easily fabricated. Circular dichroism in transmission as high as 0.81 is experimentally achieved with the transmitted light linearly polarized along a certain direction, which is attributed to the spin-dependent mode coupling process inside the nanostructure. By interlacing two independent subarrays based on the two enantiomers of the chiral nanostructure into one metasurface, chiral grayscale subwavelength imaging is enabled to produce two distinct grayscale images with 8 bit pixel depth and subwavelength spatial resolution for different incident handedness. Mutual disturbance between the two subarrays is effectively prohibited. Furthermore, the dependence of the captured images on the output polarization as well as the operation wavelength is also discussed. Our approach promises plenty of potential applications in image encryption and decryption, [29] dynamic display, [30] chiroptical biosensing, [31] and optical information processing. [32] 
Results and Discussion

Design of Chiral Nanostructure Unit Cell
In order to achieve high circular dichroism and linearly polarized transmission simultaneously, plasmonic stepped V-shaped nanoapertures milled in an optically thick gold film are proposed as chiral nanostructure unit cells (Figure 1a) . The stepped V-shaped nanoaperture is evolved from the well-known V-shaped nanoaperture with uniform depth, [3, 33] which possesses mirror symmetry in both x-y and y-z planes and thus exhibits no optical chirality. By selectively truncating the right or left half of the V-shaped nanoaperture, stepped V-shaped nanoapertures lacking any mirror symmetry are constructed in Form A or Form B. Distinguished from planar chiral nanostructures, symmetry breaking is also introduced along the propagation direction to result in a truly chiral geometry. On www.advopticalmat.de the other hand, compared to conventional 3D chiral nanostruc tures with fabrication difficulties, the stepped V-shaped nano apertures can be easily fabricated with arbitrary orientation angles using one-step grayscale focused ion beam milling method ( Figure 1b ). Different ion doses are applied at the two halves of nanoaperture to produce different milling depths. High fabrication uniformity is demonstrated in Figure 1b . It is noted that the realistic sidewalls of nanoaperture are tapered instead of vertical as expected, whose influence is discussed in Figure S2 Supporting Information.
The optical properties of the stepped V-shaped nanoapertures are investigated by full-wave electromagnetic simulations. It is seen that a pronounced transmission resonance appears at 768 nm under RCP incidence, while the transmission under LCP incidence around this wavelength is strongly prohibited for the stepped nanoaperture in Form A (Figure 1c ). The corresponding circular dichroism in trans-
The measured CDT resonance of 0.81 at 780 nm matches well with the simulation (Figure 1d ). Meanwhile, the RCP and LCP components among the transmitted light of RCP incidence have almost equal intensity as revealed in both simulation and experiment (Figure 1c,d ). Large polarization linearity in transmission is obtained with the measured polarization ellipticity angle η below 2.5° over a broad spectrum from 600 to 1000 nm ( Figure 1e ). The retrieved components of circular Jones transmission matrix T circ from simulation are T RR = 0.324e 2.8i , T RL = 0.322e −1.0i , T LR = 0.089e −2.2i , and T LL = 0.089e 0.53i , which fulfill well the aforementioned requirements for designing the chiral nanostructure unit cell. Besides, the orientation angle ϕ of the linearly polarized transmitted light for RCP incidence is kept around 21.5°, which is approximately orthogonal to the left half of the stepped V-shaped nanoaperture in Form A (Figure 1e ).
Chiroptical Analysis
To reveal the underlying mechanism of the unique optical properties for the stepped V-shaped nanoaperture, we first consider the V-shaped groove structure (Figure 2a) . For plane wave excitation polarized along the x-direction, a high-energy antisymmetric localized mode is excited inside the V-shaped groove structure as suggested by the reflection dip at 644 nm (Figure 2a) . Correspondingly, electric dipoles induced in the two halves are out of phase with each other (Figure 2b ). But for y-polarized incident wave, a low-energy symmetric mode is excited at 850 nm, where the two electric dipoles oscillate in phase to each other. When RCP or LCP wave is illuminated, the antisymmetric and symmetric modes are simultaneously excited with a relative phase delay of π/2 or −π/2, leading to constructive field interference at the left half and destructive field interference at the right half for the RCP case and vice versa for the LCP case (Figure 2b ). The field interference is resonant at 768 nm where the antisymmetric and symmetric modes have the largest spectral overlap, [34] resulting in highly spin-dependent field distributions where the electric field at the left (right) half is significantly stronger than that at the right (left) half for the RCP (LCP) case (Figure 2a,b) .
Next, the stepped V-shaped nanoaperture in Form A can be considered as a V-shaped groove structure at the top layer connected on the left with a rectangular aperture at the bottom layer. When circularly polarized wave is illuminated, plasmonic modes are excited inside the top-layer groove structure and then coupled to the fundamental TE 10 mode of the bottomlayer rectangular aperture, [35] which is the only propagation mode for the rectangular aperture at the spectrum range from 600 to 1000 nm. The radiation linear polarization of the TE 10 mode is kept normal to the rectangular aperture. Due to the circularly dichroic field distributions of the V-shaped groove structure, the TE 10 mode excited inside the bottom-layer rectangular aperture under RCP incidence is much stronger than that under LCP incidence (Figure 2c ). High circular dichroism in transmission is thus achieved. Figure 3d shows optical power flow distributions. It is clearly observed that the incoming RCP wave is selectively focused into the left channel and transmitted through the gold film, while the LCP wave is converged into the right channel and then reflected back by the truncated surface. In brief, the stepped V-shaped nanoaperture can be treated as a two-channel optical spin filter cascaded by a photon extractor to switch on either the left or right channel.
Metasurface Design
The metasurface for chiral grayscale subwavelength imaging is then designed with the chiral stepped V-shaped nanostructures with linearly polarized transmission. Two subarrays consisting respectively of the two enantiomers of the stepped V-shaped nanoaperture are independently designed for producing the grayscale portrait images of Einstein and Curie, which are then interlaced and merged into a single metasurface (Figure 3a) . The unit cell period of each subarray p is enlarged to 566 nm, and the displacement vector during the merging process is (p/2, p/2), so that the equivalent unit cell period remains 400 nm for the merged metasurface. The distance between neighboring unit cells is large enough to avoid the influence of near-field coupling (see Figure S3 , Supporting Information). The overall size of the merged metasurface is 169 µm × 169 µm. When the merged metasurface is illuminated by a RCP beam, the transmission of subarray B is almost totally suppressed, while the transmission of subarray A is allowed to generate a spatially varying linear polarization profile with uniform intensity. The local polarization direction is determined by the orientation angle of nanoaperture. Since normal image sensors like human eyes and charge-coupled devices (CCDs) are insensitive to the polarization information of light, an analyzer of linear polarizer is utilized after the metasurface to convert the linear polarization profile to the intensity profile (Figure 3b ). According to the Malus' law, when a linearly polarized light is incident on an analyzer, the intensity of the transmitted light is directly proportional to the square of the cosine of angle between the transmission axis of the analyzer and the incident polarization direction (Figure 3c) . Here, the shade of gray for each pixel is continuously modulated from 0 to 255 to achieve 8 bit pixel depth, by precisely tailoring the rotation angle of each nanoaperture unit cell. A grayscale portrait image of Einstein with a subwavelength spatial resolution of 566 nm is thus demonstrated under RCP incidence with the activated subarray A. When the incident polarization is switched to LCP, the subarray A is in turn disabled, while the subarray B is functional to produce the grayscale portrait image of Curie. Figure 3d shows the partial scanning electron micro scopy (SEM) image of the merged metasurface.
Chiral Grayscale Imaging
Figure 4a displays the measured results of chiral grayscale images from the merged metasurface. The operation wavelength is selected at 780 nm, which is the CDT resonance of the stepped V-shaped nanoapertures. When RCP wave is illuminated, a high-quality grayscale image of Einstein is obtained. No residual from the grayscale image of Curie is observed, indicating that the CDT value is large enough to allow the desired transmission from subarray A but effectively suppress the unwanted transmission from subarray B. Once the proportion of RCP component among the incident beam starts to decrease, the Einstein image gets darker, while the Curie image continuously enhances. When the incident polarization is changed to purely LCP, the subarray B is completely switched on with the subarray A switched off to solely display the Curie image. The entire image evolution process is recorded in Movie S1 in the Supporting Information. In our approach, the original grayscale images are well reproduced experimentally with just slight image distortion and resolution deterioration. The discrepancies mainly come from the limited shades of gray for each pixel, which in turn stems from the resolvable angle steps for the unit cell rotation determined by the fabrication resolution of the focused ion beam system. Besides, other factors such as the imperfection of linear polarizer and quarter-wave plate in the setup, the beam quality of laser source, and the fabrication uniformity of the metasurface will also affect the final www.advopticalmat.de image quality. In addition, it is noted that the CDT of the stepped V-shaped nanoaperture is not perfectly unity, implying that mutual disturbance still exists between the two subarrays A and B. Furthermore, the total optical efficiency of the merged metasurface (the optical power ratio between the transmitted light to the incident light) measured before the output analyzer is about 6.8% at this wavelength, while the effective optical efficiency for the grayscale image formation measured after the analyzer is around 3.4%, which is also dependent on the angle of the output analyzer. Figure 4b shows the dependence of the captured images on the direction of output analyzer, which matches well with the simulated results in Figure S4 in the Supporting Information. If the analyzer is removed, no image is clearly observed with the grayscale images hidden in the generated polarization profiles, which can be applied for data encryption. When the analyzer is added and rotated, grayscale images are revealed and transformed, with the local image regions shining and darkening alternatively as a result of the periodicity of the cosine function. No interference between subarrays A and B are presented, further confirming the robustness of the current chiral grayscale imaging approach.
The broadband performance of chiral grayscale imaging depends on the CDT spectrum of the stepped V-shaped nano aperture, since the linear polarization state of the transmitted light for the nanoaperture unit cell is robust against the wavelength (Figure 1e ). When the operation wavelength is shifted away from the CDT resonance of 780 nm, the CDT value is continuously reduced (Figure 1d ), leading to increased mutual disturbance between the two subarrays A and B. At 740 and 820 nm where the CDT equals 0.73, even though the Einstein image is primarily reproduced under RCP incidence, there are still some slight residual parts from the Curie image observed as indicated by the red arrows in Figure 5 . The undesired residual parts also appear in the Curie image generated under LCP incidence. But for the cases of 700 and 860 nm where the CDT decreases to 0.50 and 0.53, apparent image distortions are exhibited. Accordingly, the working bandwidth of the current chiral grayscale imaging is roughly from 740 to 820 nm. The total optical efficiencies of the merged metasurface measured before the output analyzer at different wavelengths are also indicated in Figure 5 . 
Conclusion
To summarize, we have introduced the output linear polarization state of chiral nanoaperture unit cell as a new degree of freedom for realizing the chiral grayscale subwavelength imaging. The stepped V-shaped nanoapertures are proposed as unit cells to achieve linearly polarized transmission with high circular dichroism, which also inspires a simple but effective design scheme to transform achiral nanostructures to chiral nanostructures. By arranging the two enantiomeric forms of the stepped V-shaped nanoapertures into two independent subarrays and then interlacing them into one merged metasurface, spin-controlled grayscale imaging with subwavelength spatial resolution has been demonstrated. The whole grayscale range is covered with 8 bit pixel depth where the data density is orders of magnitude higher than that of the binary images generated by most of the existing chiral metamaterials or metasurfaces. The demonstrated chiral grayscale imaging approach can be applied to optical encryption and decryption, data storage, chiroptical sensing, optical communications, and optical information processing.
As final remarks, there is still a large room for further improvement of the proposed chiral imaging approach. Due to the large Ohmic loss from the gold film, the transmission efficiency of the metasurface is relatively low. To solve the problem, dielectric films with much less optical absorption, such as Si or TiO 2 , can be used to replace the gold film. [7, 36] Besides, when a nanostructure unit cell is rotated within the metasurface plane, a geometric phase is also locally generated. Another degree of freedom is thus provided to control the phase front of the transmitted light, which can be applied for beam shaping such as vortex beam generation [37, 38] and holography. [39] In addition, the number of nanoaperture unit cells in the metasurface, and hence the number of pixels in the generated grayscale image, is currently restricted by the fabrication capacities of the focused ion beam system. Future work will be dedicated to develop a new fabrication process based on electron-beam lithography or nanoimprint technique to produce the metasurface with much larger size.
Experimental Section
Metasurface Fabrication: A 180 nm thick gold film was deposited on a SiO 2 substrate using an electron beam evaporator. Then, the stepped V-shaped nanoapertures were milled in the gold film using the focused ion beam system (FEI Helios Nanolab 600, Ga + source, 30 kV, 9.7 pA). Grayscale patterns defining the ion dose distributions of the metasurface were edited and imported into the system. The redeposition effect was considered and compensated. To obtain the cross-section SEM images, a layer of platinum was first deposited on the sample using electron beam-induced deposition. After that, a slot was milled through into the SiO 2 substrate to reveal the cross section of the stepped nanoaperture.
Imaging Setup: As shown in Figure S6 in the Supporting Information, a collimated laser beam was emitted from a tunable Ti: Sapphire oscillator (Chameleon Ultra, Coherent), transmitted through a linear polarizer and a quarter-wave plate, and then incident directly onto the metasurface sample. Uniform illumination condition was ensured for the metasurface. The transmission image from the metasurface was collected and magnified by a 10× objective lens and then captured by an infrared CCD camera. An analyzer of linear polarizer can be added and rotated in front of the camera to reveal the grayscale images.
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